Young'S modulus, fiS fi func t ion of te mperat ure up to 1000 °e, was determined fo r eight ruti le specimens of difl ere nt crystallographic orien tations. From t hese, t he followin g four e las t ic co mplia nces or co mbinatio ns of t hem were determin ed as a fun ction of te mperat ure, 8 11, S'3, 2 8 13+S44, a nd S ll -S I2-S6G/2 . The method used was t he sa me a s had been used in a previous stud y for rutile a t r oom temperature.
I. Introduction
In a previous investigation [1 ] , 1 all t he elastic constants of rutile wer e det ermined at room temperature by an application of the resonan ce technique. Briefly, the m ethod of approach consists in determining the mechanical r esonance freq uen cies of both flexural and torsional vibration of a group of cylindrical rods of differ ent orien tations of t he same type of crystal. Young's and th e sh ear modulus are computed for each bar from these frequen cies and from its dimension s and density. Then , from a set of equations given b y N ye [2] , for in stan ce, relating Young's and the sh eiLI' modul us to orientation and elastic compliances, one solves for the elastic compliances (sin ce the other param eter s, Young's modulus, shear modulus and orientation are known ).
The numb er of equations r equired in the set, and, hence, also the number of specimens of different orientation, depends upon the number of elastie constants required to completely describ e a particular crystal. If more than the minimum number of specimens are available, then, from an overdetermined set of equations, one may obtain an estimate of the precision of measurement of the elastic constants as well as the elastic constants themselves . This has b een don e for cor undum [3] as well as rutile [1] .
In this paper, so me of the elastic compliances already d etermin ed at room temperature for rutilethose arising from the flex ural resonan ce frequencies-are extended to elevated temperatures using the same m ethod of iLpproach. As far as we know, there is no data available on the temperature dependence of any of the elastic properties of rutile. 
. Experimental Procedure
The method for obtain ing resonan ce frequen cies, both at room and elevated temp erat LU·es, has already b een d escribed [4] [5] [6] . However , cer tain r efin ements (su ch as the use of fin e wires of phosphor bronze as suspension members) which were developed to obtain torsional reso nan ce for the shorter rutile sp ecimens [1] were not applica ble at elevated te mperatures. Fur thermore, with the glass and wire fib ers used at elevated temperatures as susp ension memb er s ill place of the cotton or silk threads used at room temperature, it was not possible (mainl y b ecause of the small cross section of the specimens) to obtain satisfactory torsional resonances even for the longer specimens. Consequently, th is investigation is r estricted to the flexural r esonance frequen cies and to those elastic compliances which can be d erived from them, as m entioned above.
For this purpose, 8 of the original 16 sp ecim ens were used. This included all of the longer ones (which yielded the most r eliable valu es of r esonance frequency) and those of the shorter ones having orientations which would be most significant in giving a Young's modulus-orientation r elationship. The specimens used, along with their length, mass, and orientation, are given in table 1. Th e sam e notation for designating specimens and orientation , as w ell as most of the other notation used in the previous paper [1] is retained here.
Flexural resonance frequencies for each specimen were determined in steps of about 100 °C, allowing sufficient time for thermal equilibrium to be attained at each temperature. Usually two or three sets of t emperature d eterminations were taken for eaeh sp ecimen. The glass fib er suspensions (which yielded the morc reliable r esults) w ere used for all the speci-mens up to the limit of their applicability; from 700 to 800°C. The wire suspensions gave satisfactory responses with the longer specimens up to the highest temperatures of the furnace, about 1400 °C, but were unsatisfactorv for two of the smaller specimens oyer about 800°C . Since the changes in elastic compliances were fairly gradual and continuous with temperature, it was felt to be a more accurate procedure to extrapolate the values obtained with the glass suspension for these two specimens up to 1000 °C rather than use the data obtained with the wire suspenSlOn . Young's modules at some elevated temperature, Y t, was computed from the resonance frequencies, from the equation
The room temperature value of Young's modulus, Yo, is known from the previous investigation;
.It and .10 are the flexural resonance frequ enci.es at temperature t and room temperature respectively. It should be noted that the ratio, f,/j~, applies to overtones as well as to the fundamental resonance frequency . This was used for t he longer sp ecimens to provide additional points (obtained from overtones as well as the fundamental) during a modulustemperature run. The points based on overtones also served as an internal check on the consistency of the modulus-temperature relationship.
The terms involving l, m, and 11 are the correction for thermal expansion. Since the thermal expansion of rutile is anisotropic, the coefficient being about 30 percent larger in the "e" or [001] direction than in the "a" or [100] direction, it was necessary to take this into account in a manner which has already been described [7] . The length of the long axis of the specimen at temperature t is It, and lo is the same dimension at room temperature; similarly for m and 11, n being the cross-sectional dimension in the direction of flexural vibration and m being the crosssectional dimension perpendicular to 11. A more detailed description of the application of this anisotropic thermal expansion correction to rutile is given in the appendix. Actual values of the thermal expansion of rutile in both "a" and "e" directions were supplied by Richard K. Kirby of the NBS staff . The possibility that certain orientations might change with increasing temperature due to this anisotropic thermal expansion was also considered. However, it was found that even in the extreme case (t = 1000 °C and 0= 45 °C) the change in orientation would be insignificant, i.e., less than W.
The scatter of the experimental points of Y t as a function of temperature, based on repeated runs and (where used ) on overtones, about a smooth curve dmwn through the points was estimated to be about 5 parts per 1000.
Results
Values of I/ Yt interpolated from the experimental data at even 100°C tempel"ftture intervals for the 8 specimens measured are shown in table 2. The data at 25°C are from the previous investigation [1]. The compliances are obtained from eq (6) of [1 ], + I( +866)' 4 . 22
2" 812-8 11 2" S111 0 S111 4>. (2) This equation was solved by computer at each temperatme (10 0°C, 200 °C ... 1000 °C) in the same manner as before. It is noted that since 8 specimens are used and 4 coefficients are solved for, an overdetermined set of equations is still available from which, as previously mentioned, one may derive an estimate of the precision of the coefficients from a least sq uare best fit, as well as the coeffi cients themselves. Table 3 presents the four el astic compliances along with their standard deviations, computed in this manner. The standard deviations of the compliances, especially at the lower temperatures, compare favorably with those computed at room temperature. As might be expected, these standard deviations tend to grow somewhat larger at the higher temperatures. The four coefficients are shown graphically as a function of temperature in figure 1.
Once the compliances are known, they may be resubstituted in equation (6) and "theoretical" or i "computed" values of I j Y t may be solved for at each temperature. The numbers associated with each value of l /Y t in table 2 represents the difference between these "computed" values and the "experimental" or "observed" val lIes given in the table. Following the same convention as before, a -I-sign indicates that the experimental value of l / Y t is larger than the theoretical Olle and vice versa. as t he room temperatm e curves, which are reproduced from th e origin al study for comp arison .
It may b e seen from th e figure th at in addition to th e expected decrease in modulus for all orien tations wi th in creasin g temp erature, th e anisotropy of t he cl'ystal decreases also. F or any given value of 0, th e ch ange in Young's modulus, as a function of c/>, is less at 1000 °e than at 25 °e. Also, [or a ny part icular value of c/>, t he variation in 0 app ears to decr ease at the higher temp eratures, i.c., th e lin es becom e flatter. 
Appendix
The problem is to express eq (1) in terms of thE' known thermal expansions for rutile for given crystallogTaphic directions. We define these two thermal expansions for the "e" and "a" directions respectively as L te/Loe and LIa/Loa.
(1) We consider first a "e" axis rod, i.e. , a specimen of which the long dimension is in the direction of the crystallographic "e" axis. For this con dition , so that equation (1) becomes (2) We next consider an "a" axis rod. In th is case, since the thermal expansion of the crosssectional dimensions are not equal, a specimen having a circular cross section at room temperature will develop a noncircular cross section as the temperature increases. This will give rise to two separate flexural resonance frequencies; one in the direction of the shor t cross-sectional dimension, the "a" direction, and the other in the direction of the long cr oss-sectional dimension, the "e" direction. These two types of vibration are considered separately. For vibrations along the "a" direction, (since "n" is always the dimension in the direction of vibration). Equation (1) then becomes For vibrations in the "e" direction, and eq (1) becomes It is clear that any specimen having its long axis in the (001) plane (0=90°, 'P from 0 to 45°) will have the same thermal expansion corrections as the two just given, since the same considerations holding for an "a" axis rod would apply.
It also follows from these considerations that rods having their long axis in the (001) plane should develop two noticeably different curves of (f t!}O )2 as a function of temperature. This was observed experimentally; however, when the appropriate thermal expansion correction was applied to the points forming each curve (giving Y t/Yo as a function of temperature), the two curves were brought into coincidence within experimental error. Conversely , for "e" axis rods it was observed that even if two resonance freque~cies were present at room temperature, due to the fact that the cross section was not perfectly circular (at room temperatUl"e), nevertheless, the two CUl"ves of (f t!}0)2 as a function of temperature, based on th ese two room temperature resonance frequencies, coincided within experimental error. This was further verification of the validity of the thermal expansion corrections.
(3) T he final case to be considered is that of a rod having its long axis at some angle, 0, with the "e" axis. In this case, since the "e" axis does not coincide with any specimen axis (l, m, or n) as has been true in the previous examples, the thermal expansions along l, m, or n will generally not equal L le/Lne or L ta/Loa, but will lie between these values.
The following equation [7] then applies,
Yt = (/..t.)2{ 1-~La+(~Le_ ~La)

Yo}o
La
Le La This final equation is also applicable to the specialized orientations previously discussed. It is useful for the case in which the long axis of the rod coincides with the [001] direction or lies in the (001 ) plane, but in which the direction of vibration does not coincide with a crystallographic axis.
